Abstract: The impact of euthanasia methods on endocrine and metabolic parameters in rodent tissues and biological fluids is highly relevant for the accuracy and reliability of the data collected. However, few studies concerning this issue are found in the literature. We compared the effects of three euthanasia methods currently used in animal experimentation (i.e. decapitation, CO 2 inhalation and pentobarbital injection) on the serum levels of corticosterone, insulin, glucose, triglycerides, cholesterol and a range of free fatty acids in rats. The corticosterone and insulin levels were not significantly affected by the euthanasia protocol used. However, euthanasia by an overdose of pentobarbital (120 mg/kg intraperitoneal injection) increased the serum levels of glucose, and decreased cholesterol, stearic and arachidonic acids levels compared with euthanasia by CO 2 inhalation and decapitation. CO 2 inhalation appears to increase the serum levels of triglycerides, while euthanasia by decapitation induced no individual discrepant biomarker level. We conclude that choice of the euthanasia methods is critical for the reliability of serum biomarkers and indicate the importance of selecting adequate euthanasia methods for metabolic analysis in rodents. Decapitation without anaesthesia may be the most adequate method of euthanasia when taking both animal welfare and data quality in consideration.
A number of different euthanasia protocols are used in animal research. Three common approaches are carbon dioxide (CO 2 ) inhalation, pentobarbital injection and decapitation. To date, however, there are few empirically based studies that have investigated the extent to which different methods may influence the reliability and generalizability of results across studies. The euthanasia method can impact on data either directly, by altering the characteristics of biomarkers being measured, or indirectly, via the circumstances associated with the euthanasia technique, such as handling, site and timing of sample collection [1] . The method of euthanasia may induce various levels of stress response in the animals, which subsequently influences the levels of corticosterone or other endocrine signalling molecules, and eventually manifest in the tissues used in biomarker analysis. The 3R principles could serve as a theoretical framework when determining appropriate method for euthanasia [2] . The euthanasia method must be chosen to ensure that animals experience as little pain and distress as possible during the procedure. Moreover, the euthanasia technique should not interfere with the subsequent analysis of collected samples.
Among the euthanasia methods used in animal experimental studies, CO 2 is the most commonly used agent for laboratory rodents. However, there is a growing body of evidence indicating that exposure to CO 2 causes more than momentary pain and distress in rodents and other animals. Exposure to CO 2 is strongly aversive to rodents, likely due to induction of dyspnoea and anxiety [3, 4] . In addition, studies have shown that CO 2 causes a range of neurochemical, respiratory and vascular responses [5] [6] [7] . Anaesthesia administration before killing animals is also commonly used in experimental studies, but the direct effect of anaesthetic compounds on the experimental results remains understudied. The injectable agent pentobarbital is recommended for use in euthanasia of all laboratory species, but its use requires a controlled substance licence and may not be practical for euthanasia of large number of animals. Furthermore, euthanasia methods that prolong the time to death and sample collection may interfere with the ability to use the tissues due to rapid post-mortem changes that may alter the parameters of interest [8] [9] [10] . Physical methods of euthanasia are another common and more rapid option that helps to avoid post-mortem alterations. Decapitation of conscious animals is described by the American veterinary medical association and the European Union directive on the protection of animals used for scientific purposes (2010/63/ EU) as a conditionally acceptable euthanasia method in the hands of experienced personnel with properly maintained equipment [11] . Another reason why decapitation without anaesthesia is chosen over other methods is that it provides a means to obtain tissues and fluids that are not contaminated with chemicals such as gases and anaesthetics. For instance, decapitation results in significantly lower plasma glucose, insulin, and triglyceride levels compared to euthanasia by anesthesia, in rodents [12] . Some studies, however, report that decapitation may increase plasma electrolyte levels [13, 14] and that both decapitation and gaseous anaesthetics may Author for correspondence: Oskar Karlsson, Department of Pharmaceutical Biosciences, Uppsala University, Box 591, 75124 Uppsala, Sweden (e-mail Oskar.Karlsson@ki.se).
produce a significant rise in the levels of circulating catecholamines [15] . it has also been reported that decapitation may increase the levels of plasma electrolytes [13, 14] and that both decapitation and gaseous anaesthetics may produce a significant rise in the levels of circulating catecholamines [15] .
The secretion of corticosteroids and catecholamines is affected by various types of stress [16] . Corticosterone is the main glucocorticoid involved in regulation of stress response in rodents and considered as an important index of stress [17] . A physical stressor triggers a pre-programmed response that causes an increase in the release of corticosterone, which promotes lipolysis and proteolysis and stimulates gluconeogenesis [18] . These actions trigger an increase in blood glucose and free fatty acids (FFAs) [19] . The secretory response of catecholamines and norepinephrine during stress also causes lipid mobilization from adipose tissue through lipolysis in fat cells [20] . The increase in lipolytic activity following physical stress is accompanied by an elevation of circulating levels of triglycerides, FFA and glycerol [21] .
Lipids have long been recognized as signalling molecules that have the capacity to trigger profound physiological responses. Fatty acids represent a class of lipids that has crucial functions in all mammalian cells, maintaining vital cellular processes at various levels [22] . FFAs are not only an essential energy source, but also regulate various cellular processes and physiological functions beyond energy metabolism [23] . In this context, elevated plasma levels of FFAs alone are sufficient to induce insulin resistance and activate pro-inflammatory responses [24] . However, the roles of fatty acids in metabolic diseases are not fully understood. It was recently suggested that exposure to a subclass of endocrine disrupting chemicals may disrupt normal development and balance of lipid metabolism, which may lead to obesity and metabolic disorders [25, 26] . These diseases are a rapidly increasing global health threat; thus, the identification of new biomarkers, underlying mechanisms and novel pharmacological targets is important. For this, animal models play a central role and adequate euthanasia protocols are critical for accurate studies of serum markers and mechanisms.
Hence, the impact of euthanasia methods on endocrine and metabolic factors is an important issue that needs further attention in regard to metabolic research as well as for animal welfare. The aim of this study was to compare the effects of three commonly used euthanasia methods (i.e. decapitation, CO 2 inhalation and pentobarbital injection) on endocrine and metabolic biomarkers in serum of rats.
Materials and Methods
Animals and housing. Twenty-four 5-week-old female Wistar rats (Taconic, Ejby, Denmark) were housed 4 per cage in transparent polysulfone cages (59 9 38 9 20 cm) containing wood-chip bedding and nesting material. The animals were maintained on standard pellet food (R36 Labfor; Lantmännen, Kimstad, Sweden) and water ad libitum, and were housed in a temperature-and humidity-controlled environment with a 12-hr light/dark cycle (lights on at 6 a.m.). The animal experimental protocol was approved by the Uppsala Animal Ethical Committee and was consistent with the Swedish Legislation on Animal Experimentation (Animal Welfare Act SFS1998:56) and the European Union Directive on the Protection of Animals Used for Scientific Purposes (2010/63/EU).
Effects of different euthanasia methods on metabolic biomarkers in serum. We compared the effects of the three aforementioned euthanasia methods on metabolic biomarkers in serum (n = 8 per protocol). All rats were individually handled during the week prior to testing and killed by one experienced person. The rats in the first group were killed by decapitation, using a guillotine. The rats in the second and third groups were killed by CO 2 inhalation -2 min. 30 sec., fixed time and gradually increased concentration -and an overdose of pentobarbital -120 mg/kg intraperitoneal injection, in a volume of 1 ml/100 g of body-weight -respectively. Blood samples from all groups of animals were collected using a standardized protocol. After decapitation, 1 ml trunk blood was collected at the decapitation site and allowed to coagulate before centrifugation at 1000 9 g for 10 min. and the serum was stored at À80°C until analysis.
The analysis of corticosterone and insulin was conducted using the Coat-A-Count Rat Corticosterone 125 I RIA kit (Siemens Medical Solutions, Los Angeles, CA, USA) and the Mercodia Rat Insulin ELISA (Mercodia, Uppsala, Sweden) following the instructions of the manufacturer. Triglycerides, cholesterol and glucose were analysed with enzymatic colorimetric methods using an automated chemistry analyser Architect c4000 (Abbott Diagnostics, Lake Forest, IL, USA). FFAs were extracted from serum by protein precipitation and quantified by mass spectrometry. In short, 10 ll of serum was added to an equal volume of an internal standard mix ( , and 80 ll of methanol. Samples were vortexed, and precipitated proteins were removed by centrifugation. Supernatants were diluted in 10 volumes of methanol in glass autosampler vials, and immediately quantified by liquid chromatography-tandem mass spectrometry as previously described [9] . Twelve FFA -myristic acid, palmitic acid, palmitoleic acid, stearic acid, oleic acid, linoleic acid, a-linolenic acid, c-linolenic acid, dihomo-c-linolenic acid, arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid -were analysed. The analytes were separated on a Kinetex 2.6-lm core shell pentafluorophenyl column (100 9 2.1 mm, 100 A; Phenomenex, Macclesfield, UK) using a Prominence UFLC XR system (Shimadzu, Milton Keynes, UK), and detected by 'pseudo-molecular' scheduled multiple reaction monitoring transition on a QTRAP 5500 hybrid triple quadrupole mass spectrometer (AB Sciex, Warrington, UK). Analyst software version 1.5.1 (AB Sciex) was used for data acquisition and analysis.
Statistical analysis. One-way ANOVA was used to compare the three different euthanasia protocols across the measured parameters. Among the biomarkers found to be different, pairwise comparison between the groups was conducted using Fischer's LSD test. Differences were considered statistically significant at p < 0.05.
Results
No statistically significant differences in serum levels (mean AE S.E.M.) of the stress hormone corticosterone among rats were observed between the three euthanasia methods: decapitation (960 AE 197 nmol/l), CO 2 inhalation (1253 AE 408 nmol/ l) and pentobarbital overdose (1608 AE 270 nmol/l) ( fig. 1) .
However, for the metabolic biomarkers analysed, the group killed by intraperitoneal injection of a pentobarbital overdose differed significantly from the groups that were killed by decapitation or CO 2 inhalation ( fig. 2 ). There was no statistically significant difference in serum insulin between the decapitation (0.25 AE 0.03 lg/l), CO 2 inhalation (0.53 AE 0.15 lg/l) and pentobarbital overdose (0.72 AE 0.23 lg/l) euthanasia protocols. The group of animals killed by a pentobarbital overdose had significantly higher serum glucose levels (8.66 AE 0.21 nmol/l) compared with the groups killed by decapitation (7.38 AE 0.09 nmol/l, p = 0.00096) or CO 2 inhalation (7.52 AE 0.34 nmol/l, p = 0.0026). This group also had significantly lower cholesterol levels (2.09 AE 0.07 nmol/l), compared with the decapitation (2.35 AE 0.07 nmol/l, p = 0.017) and CO 2 (2.44 AE 0.06 nmol/l, p = 0.0020) groups. In addition, the levels of serum triglycerides were found to be higher in the group killed by CO 2 inhalation (2.65 AE 0.31 nmol/l), compared with the pentobarbital (1.78 AE 0.11 nmol/l, p = 0.016) and decapitation (1.99 AE 0.24 nmol/l, p = 0.058) groups ( fig. 2) .
The analysis of FFA revealed that although the pentobarbital group had lower mean concentrations of several species, only two were statistically significant (table 1). Stearic acid was the fatty acid most affected by the euthanasia method. The group of animals killed by pentobarbital overdose had significantly lower serum stearic acid levels (16.4 AE 1.8 lM) compared with the groups killed by decapitation (26.7 AE 1.7 lM, p = 0.00016) or CO 2 inhalation (23.8 AE 1.3 lM, p = 0.0034). The serum concentrations of arachidonic acid were also found to be lower in the pentobarbital group (56.8 AE 3.4 lM) compared with the decapitation (67.1 AE 1.5 lM, p = 0.023) and CO 2 inhalation (66.1 AE 3.6 lM, p = 0.040) groups. No significant differences in FFA concentrations could be detected between the groups killed by CO 2 or decapitation.
Discussion
The present study sheds light on the effects of different euthanasia methods on the levels of serum endocrine and metabolic markers in rats. We compared three euthanasia methods Fig. 1 . Impact of euthanasia methods on the stress hormone corticosterone levels in serum. Values represent mean AE S.E.M. There were no significant differences in corticosterone levels in the three groups (ANOVA, n = 8). Fig. 2 . Impact of euthanasia methods on metabolic serum biomarkers. The method of euthanasia influences the levels of metabolic biomarkers in serum. Values represent mean AE S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001 compared with animals killed by pentobarbital (ANOVA followed by Fischer's LSD test; n = 8).
currently used in the scientific research -CO 2 inhalation, decapitation and intraperitoneal pentobarbital injection. Euthanasia by a pentobarbital overdose induced large alterations in the analysed metabolic biomarkers compared with CO 2 inhalation and decapitation. In this group of animals, the mean glucose level was significantly higher compared with the CO 2 and decapitation groups, while the mean cholesterol and stearic and arachidonic acid levels were lower, compared with the other euthanasia methods. In addition to the effects induced by the anaesthetic pentobarbital, CO 2 inhalation appeared to increase the triglyceride levels in serum.
The choice of euthanasia method both affects the validity of data and is important to the humane treatment of the animals involved in the research. Inhaled gaseous agents, such as CO 2 and anaesthetics including isoflurane, are considered to be an adequate euthanasia method, especially for large groups of animals and after initial sedation [11] . Nevertheless, the aversive potential of these commonly used methods has been criticized in terms of animal welfare [6, [27] [28] [29] . Intraperitoneal administration of pentobarbital and other barbiturates may also cause pain, likely as a result of the high pH of the solution [30] . Although the American and European guidelines primarily recommend other euthanasia methods, research indicates that decapitation -which leads to loss of consciousness in 3-6 sec. -induces less distress in the animals and may be preferable compared with the more commonly used inhaled gaseous agents and pentobarbital injections in an animal welfare perspective [6, 27] . In our experimental conditions, we also measured the lowest levels of the stress biomarker corticosterone in animals killed by decapitation -40% and 23% lower than the groups that were killed by pentobarbital or CO 2 , respectively -although the differences between the euthanasia protocols did not reach statistical significance. We cannot exclude that the study is underpowered as the observed trend is in agreement with a previous study reporting that decapitation with prior administration of CO 2 or pentobarbital increased corticosterone levels when compared with decapitation without anaesthesia [31] . It is well-established that serum corticosterone is elevated during experimental manipulations and can be used as a biomarker of stress in laboratory animals. However, it is also known that the basal levels of corticosterone can differ substantially from study to study and some of the disparity might be attributable to the methods of blood collection [17] . In addition, the corticosterone level fluctuates over time aggravating its use as a biomarker of stress and increasing the number of animals needed for reliable results [32, 33] .
To further understand the effect of the euthanasia protocol on serum biomarkers, we analysed several metabolic parameters and non-esterified fatty acids. The effect of the three euthanasia methods on the serum levels of insulin and glucose was studied as they could also be affected by other factors than typical stressors [34, 35] . Anaesthesia per se may modulate glucose homeostasis by affecting pancreatic insulin release [36, 37] . Interestingly, we found increased serum glucose without any observed changes in insulin levels in the group killed by a pentobarbital overdose. Increased glucose concentration without significant change in corticosterone or insulin levels could be the result of increased sympathoadrenal system activity or serum norepinephrine concentration [38, 39] . Our results also showed that euthanasia with pentobarbital lowers serum cholesterol and FFA levels. Previous studies demonstrate that barbituric acid derivatives have hypolipidaemic activity. Hall and collaborators (1990) found that a barbituric analogue interferes with de novo synthesis of cholesterol and fatty acids in the early steps after 14 days of drug administration. The rat serum lipoprotein showed reduced VLDL triglycerides and HDL cholesterol contents [40] . In the present study, euthanasia by pentobarbital overdose significantly lowered stearic (31% and 39%) and arachidonic acid (14% and 15%) levels, compared with the groups that were killed by CO 2 or decapitation, respectively. This is in agreement with data from previous research, which found that surgical anaesthesia with pentobarbital significantly attenuated FFA accumulation in brain during ischaemia, and the arachidonic and stearic acids are the most affected FFA [41] . In addition, our previous study demonstrated that the group killed by a pentobarbital overdose had decreased brain levels of all studied FFA (15-44%) compared with the other euthanasia protocols [9] . Barbiturates such as pentobarbital are known to mediate their pharmacological action by acting as agonist at the GABA A receptor but also altering the physiological properties of biological membranes [42] . Furthermore, pentobarbital has been shown to inhibit phospholipase activity [43] , probably via reduced protein kinase A activation [44, 45] . These mechanisms may explain the lower levels of serum FFA in the group of animals killed by injection of pentobarbital compared with the two other methods.
In summary, our findings clearly demonstrate that the euthanasia methods are critical for the reliability of collected serum biomarker data. An overdose of pentobarbital induced the largest alterations in the metabolic biomarkers. CO 2 inhalation appears to affect only the levels of triglycerides, while euthanasia by decapitation induced no individual discrepant metabolic level, compared with the two other euthanasia methods. Decapitation without anaesthesia may be the most adequate method of euthanasia when taking both animal welfare and data quality in consideration. However, further studies of the biochemical and molecular effects of different euthanasia protocols are warranted.
